Ventilated Faç ades integrating photovoltaic panels are a promising way to improve efficiency and the thermal-physical performances of buildings. Due the inherent intermittence of the non-programmable renewable energy sources, their increasing usage implies the use of energy storage systems to mitigate the mismatch between power generation and the buildings' load demand. The main purpose of this paper is to investigate the thermo-fluid dynamic performances of a prototype integrating a photovoltaic cell and a battery as a module of an active ventilated faç ade. Based on an experimental setup, a numerical study in steady state conditions of flow through the air cavity of the module has been carried out and implemented in a fluid-dynamics Finite Volume code. In order to assess the viability of the prototype, the calibrated model was lastly used to predict thermal performance of the prototype on different climate conditions supporting its further improvement.
INTRODUCTION
Achieving high energy efficiency within the building sector is the ambitious focus of several policy and research actions at international level [1, 2] . The construction of nearly-zero energy buildings (nZEB) [3, 4] and retrofitting solutions in the existing building stock are playing a key role both to achieve a higher level of self-sufficiency and to improve the energy performance of buildings [5] [6] [7] . External thermal insulation composite system and ventilated faç ades are among some of the practical solutions available for the retrofit of existing buildings [8] . Several studies showed that ventilated faç ades integrated with Photovoltaic (PV) systems are among the promising ways of the Building Integrated Photovoltaic (BIPV) system to improve both the thermal-physical performances of t existing buildings and PV conversion efficiency [9, 10] . The major benefit of this integration is that PV panels shading the building reduce heat gain from solar radiation while the air cavity, facilitating the buoyancy force resulted from the solar radiation, induces the ambient air into the channel with positive effect on the PV temperature [11] .
However, the major limit of non-programmable renewable energy sources is the discontinuity in the production of electricity. Energy storage is paramount to allow renewable energies to be more competitive within the current market [12, 13] . The increasing use of renewable energy systems might be easier and more effective under the adoption of energy storage systems to mitigate the mismatch between the power generation and the building's demand [14, 15] . Batteries are the most used technology to store energy and their integration with a PV panel as a whole system is a flexible and already viable solution [16] . The whole system PV-batteries lead to each PV module can be treated as a self-rechargeable unit. However, in order to avoid the degradation of the efficiency of the entire system each battery must be at the proper working temperature to avoid damages and accelerated degradation [17] .
Many aspects of ventilated faç ades have been studied theoretically and experimentally such as the effects of the air gap behind PV wall on the buoyancy and induced ventilation rate [18] , effects of the PV panel orientation and wind direction on the overall performance of the BIPV [19] . In literature, Computational Fluid Dynamic (CFD) was utilized as the main method to achieve accurate and detailed results in thermal performance estimation for ventilated PV faç ades.
Sandberg and Moshfegh [20] performed CFD simulations of vertical faç ades to derive temperature and velocity profiles in air gaps behind photovoltaic panels. Moreover, empirical correlations for the mass flow rate, air velocity and temperature increase were obtained through the analysis of experimental data.
Peng et al. [21] performed CFD simulations to evaluate the overall performance of a semi-transparent ventilated PV faç ade under different air velocity conditions. They showed that buoyancy-driven ventilated mode performed better than natural convection for improving the PV performances and reducing the solar heat gain.
Goverde et al. [22, 23] investigated the effects of wind on PV modules in terms of power output of the photovoltaic system. Their results showed that a decreasing in wind velocity leads to a lower heat transfer coefficient. As consequence, an increase of PV cells temperature results in a reduction both in the photovoltaic conversion efficiency and the maximum output power.
In this context, the paper presents the thermo-fluid dynamics performance of a prototype of an active ventilated faç ade integrating PV module and a lithium battery starting from a previous preliminary authors' work [24] . CFD steady state simulations have been performed to investigate the effects of the buoyancy-induced by the thermal gradients within the air cavity of ventilated faç ade. The numerical model developed to investigate the airflow and temperature distributions was implemented in the multi-physics Finite Volume Code Ansys Fluent. The model has been calibrated and validated on experimental data. Figure 1 shows some pictures of the prototype installed and its constructive scheme, while Table 1 reports the geometrical dimensions of a single module consisting of a PV module as external faç ade, a Li-ion battery and a dc-dc converter contained in two casings fixed on the insulation layer. The PV panel used has the stratification layers shown in Figure 2 . In Table 2 are listed the electrical features of the PV module simulated. Both battery and control board act as heat source dissipating the generated heat through the casings. To ensure the electrical and electronic components operate within the nominal surrounding temperatures a proper cooling effect must be guaranteed. Installing the casings within an air cavity has the main advantage that heat dissipation is facilitated by natural convection leading to lower operation temperatures [25] .
METHODOLOGY AND EXPERIMENTAL SETUP
The physical properties [26] of each material utilized in the proposed prototype are listed in Table 3 . Both geometrical dimensions and physical properties were used to develop a numerical heat transfer 3D model with temperature dependent air properties.
The following modeling hypothesis has been made:
• Steady state conditions, simulations are run for different conditions over the selected design days;
• Mono dimensional heat flow, due to the much higher other dimensions of the PV module if compared to its thickness;
• EVA and PV cells are each a single computational domain, thus neglecting the temperature difference across them [27] ;
• Negligible Ohmic losses of PV cells so that the electrical photovoltaic conversion efficiency is linearly related to its operative cell temperature;
• Negligible reflection and irradiation losses [28] ;
Negligible thermal contact resistance between two different layers;
• Isotropic materials with thermal and optical properties constant;
• Newtonian fluid and no slip conditions on the walls in contact with the fluid;
• The sky is treated as a blackbody. In Figure 3 a schematic representation of the boundary conditions assumed is shown:
• Part of the vertical solar radiation GPV absorbed by the PV cells to generate electricity is dissipated in the form of heat. The volumetric heat generation was applied to the PV cells layer in accordance to [29] ;
• Volumetric heat generation was applied to the heat sources within the air cavity. The sources were simulated as puntiform placed within the casings and the heat fluxes were supposed uniform;
• The external surface temperature was measured experimentally by a thermocouple and used as input (Dirichlet's condition);
• Both inlet and outlet section are at atmosphere pressure because air was provided to be free flow.
Figure 3. Schematic of boundary conditions
For solar radiation on vertical surface, air velocity and wind velocity, used as inputs of the simulations, both experimental and meteorological data were used.
The volumetric heat dissipation (W/m 3 ) in the PV panel was estimated as followed [26] :
where glass is the absorptivity of the glass, GPV the vertical solar radiation on the PV panel (W/m 2 ), A the area of the PV panel (m 2 ), PV the efficiency of the PV panel. In accordance to [27] glass was assumed 0.9 in this work. Figure 4 illustrates the electrical connection between the different components, indicating the power flows and the heat generated by each component with an overview of relevant nomenclature. The volumetric heat dissipation of DC-DC (qd) and battery (qb) were estimated using equations (2) and (3), respectively:
where PPV is the power generated by the PV panel (W), i the current (A) generated by the panel, r the electrical resistance of the diode, ηd and ηb the efficiency of the DC/DC and battery respectively.
To determine the heat generated into the battery during the charge and discharge phases, ηb has been defined as a function of the current through the battery and modeled by the equation (4):
A set of tests was performed to identify the correlation between ηb and the current flowing into the battery. ηd has been assumed equal to 0.95 according to [30] and r to 0.08 mΩ according to [31] . 
Mathematical model
The mathematical model for the prototype proposed in this paper can be divided into:
• Fluid model; •
Heat transfer model.
Fluid model
The partial differential Navier-Stokes equations describe the flow of an incompressible fluid. Based on 3D space rectangular coordinate system, for a Newtonian fluid in steady state conditions these are given as in the following [32]:
where ρ is the fluid density (kg/m 3 ), p is the pressure (Pa), u the velocity vector (m/s), ν the coefficient of kinematic viscosity (N s/m 2 ), g the gravity acceleration (m/s 2 ).
Heat transfer model
Solar radiation on the PV module is partly reflected by the external tempered glass layers and partly absorbed by the solar cell layers. The solar energy not absorbed by the solar cells to be partly converted into direct current (DC) electricity is dissipated as waste heat towards both the external environmental and inside the air cavity.
Within the solid parts of the system, i.e. PV module, casings and wall insulation the conduction heat transfer (Fourier's low), in steady state conditions, is given as in the following [33, 34] :
where λi is the thermal conductivity of each part (W/(m K) and qi the volumetric heat generation (W/ m 3 ).
For the PV panel, dc-dc and battery q is given by Eqns. (1), (2) and (3), respectively.
In the air cavity, the heat exchange with the backside tempered glass layer of the PV panel (backsheet) and the front side of the insulation is dominated by the conductive and convective heat transfer. The convective heat transfer equation is given as followed:
where hi is the convective heat transfer coefficient (W/(m 2 K)), Ti temperature of each surface wall in contact with the air moving into the channel (°C), Ta the temperature of the air inside the cavity (°C).
On the external surface of the PV panel the free convective heat transfer coefficient is given by [27] 
where λglass is the thermal conductivity of the temperate glass cover (W/(m K)), L is the height of PV panel (m), Ra the Raleigh number, Pr the Prandtl number. 
where  is the thermal diffusivity (N s/m 2 ),  is the thermal expansion coefficient (1/K), T the temperature difference between the external surface of the PV panel and air temperature.
The numerical model was implemented in the multi-physics Finite Volume Code Ansys Fluent. To avoid the mesh dependency program, a grid sensitive analysis was conducted and a mesh of about 500K elements was used for the simulations. In the Fluent solver, RNG k- model was selected in the Viscous Model and Enhanced Thermal Treatment was active in near-wall treatment. Coupled algorithm was used in pressure-velocity coupling. Second Order Upwind was selected in momentum and energy equations. A convergence criterion of 10 -5 was applied to the residuals of continuity equations while for the momentum and energy ones was 10 -6 [23] . The model was developed to evaluate, on each surface, both the weighted average temperature T value and the temperature distribution T (xi, Ti), reported in Eq. 11 (11) where i is the generic mesh element, A and Ti the area of the ielement and the temperature evaluated in its centroid, xi the position vector.
Average temperature values were calculated and validated by the experimental data while the temperature distribution.
Experimental tests
The PV mathematical model, aiming to predict the temperature on its surfaces, has been validated in a previous author's work [21] . In this study, tests have been carried out to identify and validate a simplified battery model and to validate the temperature profile of the whole prototype.
Test results on battery
The Lithium Titanate parallelepiped shape battery is composed by nano-scale LTO (Li4Ti5O12) in the anode and NCM (LiNi0.5Co0.2Mn0.3O2) with the following features: 2.7 V 23 Ah.
The battery has been tested with a Potentiostat Autolab PGSTAT302N equipped with a Booster system to raise the current set points up to ±20A. The software suite Nova 2.1 has been used to realize test procedures and record data coming from the cell.
The battery temperature has been controlled via a climatic chamber (Angelantoni mod. 600 L) and monitored by a Pt100 thermistor.
The charge/discharge rates affect the electrochemical process into a battery causing a reduction in efficiency. Charging/discharging tests at different current values were carried out to assess battery performance with different charge/discharge currents at 25 °C Figure 5 . Discharge test were performed starting from 100 % SoC with constant current set-point (galvanostatic-mode) until reaching the lower cutoff voltage. The 100 % SoC is reached by performing charge cycles with a galvanostatic phase until the upper voltage threshold is reached, followed by a potentiostatic phase at upper cutoff voltage until the current goes under 0.01 A. This phase is needed due to typical voltage hysteresis of batteries, which increase/decrease operative voltage during charge/discharge phases, to fully charge the same.
The energy efficiency has been calculated with the following equation at various c-rate:
The formula takes into account the energy loss in charge/discharge processes. In this work, it has been fully attributed to heat generation. The following Table 4 reports the efficiency at different charge/discharge currents. The polynomial formula interpolating the experimental data is reported as the following equation (12), used to calculate the heat generated by the battery during its operation: 2 0.97 ( 5 ) 0.0001 0.0092 1.0084 ( 5 ) 
Test results on the whole prototype
To calibrate and validate the thermal model of the prototype, by comparing the monitored data to that of the model on the same time using recorded weather data as a model input, monitoring studies have been developed on the prototype. Monitoring was performed during 2019 for five days, from April 17 th to April 21 th . Figure 6 shows the monitored prototype, the installed sensors and their nomenclature. In detail, four thermocouples (chromel-alumel thermocouples (type k)), installed on both sides of the PV module and on both sides of the insulation layer, were used.
As showed in Figure 6 , a weather station was installed near the prototype, recording global horizontal radiation, dry bulb temperature, wind velocity and direction. The solar radiation on a vertical south oriented surface was calculated from the measured global horizontal radiation on horizontal surfaces using the mathematical model developed by Perez et al. [36] .
In Figure 7 the monitored weather data are shown. The outdoor air temperature varies between 9.6 °C and 23.6 °C, while T1 (the frontsheet temperature of the PV module) varies between 9.4 °C and 41.8 °C. 
Model validation
The validation of the model was performed by comparing monitored and simulated data for one day of the monitored period (April 19, 2019) obtaining limited differences. Figure 8 shows the outdoor air temperature, the global horizontal radiation and the solar radiation on a vertical south oriented surface for the selected day. In all cases the differences are below 1.36 °C. In 90 % of the data, the absolute error is below 1.08 °C while for 50 % of the calibration data it is below 0.48 °C.
The following graph (Figure 9 ) reports the monitored temperatures (black lines) and the simulated average surface temperatures (red lines) for the 19 th April 2019. During this day, there is a good agreement between simulated data and monitored data (the difference between the monitored and the simulated temperature is between -1.04 °C (T1) and +1.36 °C (T3).
To validate the results produced from the thermal model statistical techniques were employed as a method to assess the accuracy of outputs. Table 5 includes the statistical metrics and their equations used to assess the modeling error: mean bias error (MBE), root mean square error (RMSE) and the coefficient of variation of the root mean square error (CV(RMSE)). In particular the MBE of the simulated temperature vary from -0.05 °C (T2) to 0.56 °C (T3) while the RMSE is equal to vary from 0.47 °C (T2) to 0.81 °C (T3). The validated model allows studying the temperature gradient within the prototype's components and to check the temperatures in the worst weather conditions. In the following Figure 10 the simulated insulation temperature distributions are shown. The presence of DC/DC and battery leads to a variation in the thermal profile of the inner insulation. For the simulated day (April 19, 2019) results show that the average surface temperature of the insulation is higher in contact with the casings containing the DC/DC and battery. The temperature surface of the casing containing the DC/DC is higher than that one containing the battery because the heat generated by the DC/DC (qd) is higher than the battery heat generation (qb). In Figure 11 the temperature distribution of the contact area of the two casings with the inner insulation is shown. The air temperature distribution (Figure 13 ) within the air cavity was evaluated on the three mid-planes shown in Figure  12 . 
RESULTS
The model can be used to calculate the temperature profiles under the given operating condition, e.g. extreme weather conditions.
A simulation was carried out using climatic data, solar radiation and air temperature for a typical hot summer day. In particular, using a typical meteorological year for the weather station nearest the prototype, from the Building Technologies Office database of U.S. Department of Energy's [37] , the day (9 th August) on which the maximum temperature occurs has been selected.
As shown in Figure 14 , during this day the air temperature reaches the maximum value of 35 °C and never drops below 25 °C, even during the night hours.
Figure 14.
Outdoor weather data used for the simulation.
The following (Figure 15 ) shows the simulated temperature profiles during the entire day. In particular, the six surfaces of the casing containing the battery have the thermal profiles reported in Figure 16 . The temperature distributions obtained are comparable to thermal profiles evaluated by [17] . 
CONCLUSIONS
This paper describes an innovative BIPV device integrating photovoltaic cells, a battery storing excess power and the needed electronics (MPPT and DC/DC converter). The distributed MPPT approach is suggested in literature among the main strategies to optimize the BIPV power generation.
In order to assess the thermal performance of the single integrated BIPV module a 3D model is developed and a test rig has been set-up to validate the model.
Besides the validation, the thermal performance of the panel has been evaluated during the hottest summer day obtained from a typical meteorological year for the same location.
The conclusions are summarized as follows:
(1) The model was developed to predict the temperatures and velocity profiles inside the air cavity.
(2) Validation with experimental data set shows a good model temperature profiles prediction.
(3) Despite heat generation due to the electrical components (mainly DC/DC and battery), the dominant factor is the solar radiation affecting the thermal behavior of the entire prototype. (4) To the specific weather conditions (Sicily, South of Italy), the maximum operating temperatures of all components are always below the nominal operating temperatures. In particular, the battery case surface temperatures are below the 60 °C also during the worst weather conditions (summertime). The developed model and the test rig will be used to validate the prototype under different weather conditions and to assess the entire BIPV faç ade. 
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